and affects the number of GSCs established during development. While excess GSC formation is compensated by the adult stage, insufficient GSC formation can lead to adult ovarioles that completely lack GSCs, suggesting that ensuring an absolute size of the PGC pool is crucial for the GSC system. Ó 2013 Elsevier Ireland Ltd. All rights reserved.
Introduction
Animals have developed various strategies to sustain gamete production during their reproductive periods. In most animals, germline progenitors called primordial germ cells (PGCs) are specified in early embryogenesis, and initiate gametogenesis during post-embryonic periods to become oocytes or sperms (Nakamura and Seydoux, 2008) . In some animals such as Caenorhabditis elegans, Drosophila, and male mice, at least a subset of PGCs likely stay in an undifferentiated state even after gametogenesis has started, and give rise to germline stem cells (GSCs) for continuous production of gametes throughout life (Asaoka and Lin, 2004; Gancz et al., 2011; Kimble and Crittenden, 2005; Yoshida et al., 2006; Zhu and Xie, 2003) . Recent studies have addressed the molecular aspects of the GSC behavior and its control by the microenvironment (Spradling et al., 2011) . However, we know little about when and how many PGCs are reserved as GSC precursors in an undifferentiated state, and the mechanism and significance of controlling the size of the stem cell precursor pool.
In the Drosophila larval ovary, all PGCs remain in an undifferentiated state and proliferate to expand the PGC pool. They are in contact with somatic stromal cells called intermingled cells (ICs) to form a germ cell/IC (GC/ IC) region in the center of the ovary (Fig. 1A) . PGC 0925-4773/$ -see front matter Ó 2013 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2013.01.002 proliferation almost ceases at the late third larval instar (LL3) (Gilboa and Lehmann, 2006; King, 1970; Zhu and Xie, 2003) ; by this time each ovary contains more than 100 PGCs (King, 1970; Wang and Lin, 2004) , much more than the number of GSCs established upon niche formation (average ± s.e.m. = 28.1 ± 1.7, this study). PGC number then starts to decrease, as some cells enter the gametogenic program and leave the PGC pool. While the majority of these differentiating germ cells are located in the posterior part of the GC/IC region ( Fig. 1A) (Gancz et al., 2011; Zhu and Xie, 2003) , PGCs stay undifferentiated and serve as a pool of GSC precursors. At the white pupal stage (WP), a somatic niche for the GSC maintenance is created in the anterior region of the GC/IC region by the formation of cap cells. PGCs that enter this niche and contact cap cells initiate asymmetric self-renewal division as GSCs (Fig. 1A) (Gancz et al., 2011; Zhu and Xie, 2003) . These developmental features suggest that mechanisms exist to secure a certain size of the PGC pool during proliferation and gametogenic periods.
During the proliferation period, the PGC pool size is likely regulated by the Egfr signaling pathway. A negative feedback loop between PGCs and ICs has been proposed to ensure a relatively constant size of the PGC pool by controlling the rate of proliferation; PGCs produce an EGF signal that is necessary for the survival of IC, and ICs in turn send back an unidentified signal that inhibits the division of PGCs (Gilboa and Lehmann, 2006) . Although Egfr signaling could also persist during the gametogenic period, it is not known whether such signaling contributes to the regulation of the PGC pool independent of PGC proliferation.
Another potential mechanism to regulate the PGC pool size is to adjust the proportion of cells that enter the gametogenic program by inhibiting differentiation. Before LL3 PGCs are maintained undifferentiated by Dpp signaling; inactivation of Dpp signaling in early larval stages causes precocious PGC differentiation (Gilboa and Lehmann, 2004; Xie and Spradling, 1998) . Up to LL3, Dpp signaling appears to be active in all PGCs because a downstream target, phosphorylated Mothers against dpp (pMad), can be detected in PGCs throughout the GC/IC region (Gilboa and Lehmann, 2004; Kai and Spradling, 2004) . Local modulation of Dpp signaling at LL3 could allow a fraction of germ cells to leave the PGC pool and thus potentially control the PGC pool size. How such regulation, if any, is accomplished is not known.
Here we show that the size of the PGC pool during the gametogenic period is regulated by the somatic stromal ICs, which control the proportion of germ cells protected against the gametogenic program. ICs activate Egfr signaling, which in turn restricts the population of PGCs that receive the Dpp signal, independent of PGC proliferation control. This event is mediated by limiting the number of ICs that express a cell-surface proteoglycan Dally, which is required for Dpp movement and stability (Akiyama et al., 2008; Fujise et al., 2003) . Artificial manipulation of Egfr signaling within ICs alters the size of the PGC pool that remains undifferentiated at LL3, and affects the number of GSCs upon establishment of the GSC niche at WP. Insufficient GSC formation is not fully compensated by the homeostatic GSC maintenance systems (Kai and Spradling, 2004; Xie and Spradling, 2000) , and can lead to the complete absence of GSCs in adult ovarioles. These results suggest that the tight control of the size of the PGC pool at LL3 is a critical element for the GSC system in the adult ovary. Ovaries stained for a germline marker Vasa (green) and betagalactosidase (magenta). kek-lacZ and vein-lacZ were expressed in ICs, but not in germ cells. (D) An ovary stained for dpERK (magenta) and Hts (green, outline of somatic cells and a germline-specific organelle, fusome). dpERK activity was observed in ICs, but not in germ cells. Scale bar: 20 lm.
Results

2.1.
Germline-to-soma Egfr signaling defines the size of the PGC pool
In ovaries before LL3, the Egfr ligand Spitz is secreted from PGCs and received by ICs. This Egfr signaling regulates PGC proliferation through an unknown signal sent back from ICs to PGCs (Gilboa and Lehmann, 2006) . We found that ICs maintain high levels of Egfr signaling at LL3, even after PGC proliferation has almost ceased; enhancer traps of two target genes, kekkon-1 (kek) and vein, and a downstream component, di-phosphorylated ERK (dpERK), (Rebay, 2002; Shilo, 2005) , were all expressed in ICs but not in germ cells (Fig. 1B-D) . This indicates that Egfr signaling may have a yet unexplored role in the ovary that has initiated gametogenesis.
To determine the role of Egfr signaling in ICs at LL3, we employed the GAL4/GAL80 ts system (McGuire et al., 2003) to manipulate the levels of Egfr signaling during LL3 specifically (see Section 4, scheme a in Fig. 2A , Supplementary  Fig. S1 ). Previous work has shown that, at or before the mid third larval instar stage, a reduction of Egfr signaling causes a decrease in IC number and an increase in total germ cell number resulting from PGC overproliferation (Gilboa and Lehmann, 2006) . When Egfr signaling was attenuated during LL3 by expressing a dominant-negative form of Egfr (EgfrDN) in ICs, the number or distribution pattern of ICs was indistinguishable from normal ovaries, and the total number of germ cells was unaffected ( Supplementary  Fig. S2 , Table 1 ). However, we observed a large increase in the number of PGCs in these ovaries (Table 1) . Because a minor difference in the number of mitotic PGCs cannot account for this effect ( Sarkar et al., 2007; Schulz et al., 2002; Shilo, 2005) , were all detected in germ cells (Fig. 4) . We also found little or no mRNA expression of other potential ligands, keren and gurken (Rebay, 2002; Shilo, 2005) (Supplementary Fig. S3 ). Taken together, we conclude that Egfr signaling in ICs, activated by Spitz produced in germ cells, controls the fraction of germ cells that initiate differentiation at LL3, and thereby defines the size of the PGC pool.
Egfr signaling shapes the gradient of Dpp signaling by reducing the number of dally-expressing ICs
To explore how Egfr signaling in ICs controls the size of the PGC pool, we focused on the Dpp signaling pathway, because this pathway appears to suppress PGC differentiation at LL3 ( Supplementary Fig. S4 ) (Chen and McKearin, 2003b; Song et al., 2004) . At LL3, the Dpp ligand was produced in terminal filament cells (TFs) that are located anterior to the GC/IC region ( focused our attention on the GPI-anchored heparan sulfate proteoglycan Dally, which controls Dpp movement and/or stability and can shape the gradient of Dpp signaling (Akiyama et al., 2008; Fujise et al., 2003) . We monitored dally transcription by an enhancer-trap strain dally-lacZ. In LL3 ovaries, dally was expressed in a subset of ICs; dally transcription was detected mostly in ICs located in posterior to the medial region, but rarely in those close to TFs, the source of Dpp ( Fig. 5K 
Altered levels of Egfr signaling affects GSC establishment
Because GSCs arise from the PGC pool, changes in the pool size may affect the number of GSCs established at WP when cap cells form and constitute the GSC niche (Song et al., 2007) . At WP, about 30 GSCs were present in the normal ovary, with the nascent niche in each ovariole containing 1.5 GSCs on average (n = 81, s.e.m. = 0.07). When the levels of Egfr signaling in ICs were artificially manipulated at LL3 (see scheme b in Fig. 2A ), the number of GSCs contacting cap cells changed dramatically; attenuation and elevation of Egfr signaling caused an increase and decrease in the number of GSCs, respectively ( Fig. 6A-C 0 and E). Moreover, we occasionally observed an empty niche, with no germ cells contacting cap cells (Fig. 6D , D 0 and F). These results show a clear correlation between the size of the PGC pool at LL3 and the number of GSCs established at WP (Fig. 6G ).
We then assessed the impact of the alteration in the number of GSCs at WP on the GSC system in the adult. After establishment, GSCs undergo clonal expansion to generate about 2.5 GSCs per ovariole in the adult ovary (Zhu and Xie, 2003) . The GSC niche also possesses several homeostatic regulatory mechanisms to maintain GSCs; lost GSCs can be replenished by symmetric self-renewal division and/or reversion from differentiating germ cells to GSCs (Kai and Spradling, 2004; Xie and Spradling, 2000) , and supernumerary GSCs may compete for the niche availability and may result in the normal number of GSCs. It is thus possible that defects in the number of Fig. S2 ). d A slight increase in the total number of germ cells was detected in both NGT40 ts > spi RNAi and NGT40 ts > sspi ovaries, suggesting that this is due to a genetic background rather than the alterations in Egfr signaling levels.
GSCs at niche establishment may be corrected by the adult stage through such regulatory phenomena. To address these possibilities, we manipulated Egfr signaling transiently from LL3 to WP stages, and examined the number of GSCs in 1-day old adult flies (see scheme c in Fig. 2A ). Excess GSCs formed by the reduction in Egfr signaling at WP was corrected by the adult stage (Fig. 6E , p > 0.4, chi-square test). However, the reduction in GSC formation was not fully compensated; some ovarioles that had experienced artificial activation of Egfr signaling still contained empty germaria with no germ cells, a phenotype that was not observed in control ovaries (Fig. 6F, H and I ). These results suggest that securing the absolute size of the PGC pool by adjusting the direct gametogenic program is a critical element of the GSC system in the ovary.
Discussion
To sustain gamete production throughout the reproductive period, gametogenesis must be tightly controlled in terms of both timing and quantity. In the Drosophila ovary, gametogenesis initiates prior to GSC formation, triggered by the global hormonal signal ecdysone (Gancz et al., 2011) . Therefore, a mechanism must exist to reserve a subset of PGCs as GSC precursors by protecting them from the differentiation signal. In this study, we show that the proportion of differentiating germ cells is controlled by Egfr signaling in somatic stromal ICs; Egfr signaling limits Dpp signaling activity that maintains PGCs undifferentiated. Because the activation of Egfr signaling in ICs already starts at the beginning of the larval stage (Gilboa and Lehmann, 2006) , it is unlikely that Egfr signaling controls the timing of gametogenesis. Alternatively, we propose that Egfr signaling determines the proportion of germ cells protected from global differentiation signals and thus the size of the GSC precursor pool.
Regulation of the Dpp activity by Egfr signaling may also provide spatial control of gametogenesis. Egfr signaling in ICs regulates the expression pattern of dally, which is essential for the reception of Dpp (Akiyama et al., 2008; Fujise et al., 2003) . The majority of dally-expressing ICs are located in the posterior GC/IC region, far from the Dpp source (Fig. 7B ). This posterior prevalence of dally expression is presumably established by an unknown factor, and Egfr signaling determines the fraction of the dally-expressing ICs. The spatial profile of Dally expression is considered to expand the range of Dpp signaling to include not only the most anterior PGCs but also several PGCs that are one-cell away from TFs (Fig. 5E , E 0 and Fig. 7B ). Similarly, in wing discs, Dally expands the region of cells that are responsive to Dpp through expression in cells located far from the Dpp source ( Fig. 7C) (Fujise et al., 2003) . In contrast, in the adult ovary, Egfr signaling suppresses dally expression in all somatic cells posterior to cap cells (Guo and Wang, 2009; Hayashi et al., 2009; Liu et al., 2010) . Expression of dally is thus confined to cap cells, creating a short-range Dpp signaling so that only GSCs remain undifferentiated (Fig. 7A) . We propose that the distribution patterns of dally-expressing cells determine whether Dpp signaling is broadened or restricted. Because GSC function is extremely important for the reproductive system of flies, multiple strategies must have been developed to secure sufficient number of GSCs. One mechanism is to reserve excess PGCs as GSC precursors; the number of PGCs reserved in the LL3 ovary is about three times more than what might be thought to be minimally required for GSC establishment [69 to 90 PGCs in LL3 ovaries (Table 1) (Wang and Lin, 2004) , 28.1 ± 1.7 GSCs in WP ovary (average ± s.e.m., n = 11)]. Indeed, 33.2 ± 0.8 PGCs present in the EgfrCA-over-expressing ovary is not sufficient to establish the normal number of GSCs at WP, and this defect is not fully corrected by the niche function (Fig. 6 ). This indicates that compensatory or homeostatic mechanisms of the adult GSC niche system (Kai and Spradling, 2004; Xie and Spradling, 2000) can be inadequate when GSC establishment is severely Anterior is to the top. Scale bar: 20 lm.
impaired, and suggests that PGC pool must provide at least one GSC precursor to each niche to secure the presence of GSCs in the adult ovariole. We propose that controlling the PGC pool size prior to GSC establishment (this work; Gilboa and Lehmann, 2006 ) is a strategy that is employed in conjunction with the homeostatic mechanisms of the GSC niche, to assure proper stem cell function in the Drosophila reproductive system. The present study raises a possibility that signal transduction from germline to soma via Egfr signaling might confer robustness to GSC formation. If harsh environmental conditions cause a reduction in the number of PGCs, the production of EGF ligand would be low, resulting in an increase of the number of dally-expressing ICs. This would expand the area of PGCs to restore the GSC precursor pool. Direct test of this idea proved difficult; it has not been possible to reduce the PGC pool specifically at the onset of gametogenesis to address whether such manipulation can be compensated by the regulatory mechanism we described here. We note, however, that a similar compensatory mechanism operates in the male embryonic gonad; the PGC pool size is monitored by the somatic niche, and the reduction in pool size is compensated through an increase in the GSC niche size (Kitadate and Kobayashi, 2010) . This germlineto-soma communication is also achieved by EGF ligand produced by PGCs. Thus, Egfr signaling could be a conserved signaling cassette utilized in both sexes to confer robustness to GSC formation.
Reserving a subset of PGCs as GSC precursors may also be necessary in the mouse testis, because some PGCs known as gonocytes directly initiate gametogenesis simultaneously or prior to GSC establishment (Yoshida et al., 2006) . Expression of markers for differentiating and undifferentiated spermatogonia (the GSC pool) correlates with distinct somatic environments in the seminiferous tubule that are likely controlled by the seminiferous epithelial cycle (Yoshida et al., 2006) . Thus, somatic cells might control the size of the undifferentiated spermatogonia pool as we demonstrated in the Drosophila ovary. It will be important to determine the underlying mechanism and its significance for GSC establishment. In addition to Drosophila and male mice, C. elegans, fish and human male also possess GSCs (Kimble and Crittenden, 2005; Schulz et al., 2010; Wu et al., 2009 ). It will be equally important to examine whether a subset of PGCs in those species directly initiate gametogenesis, and if so, whether the mechanism we elucidated in this study is a common, evolutionarily conserved strategy.
4.
Experimental procedures 4.1. Fly stocks y w was used as a normal strain. The following mutants and transgenic lines were used: vn-lacZ, tubGal80 ts , UAS-spitz RNAi (HMS01120) and UAS-Ras85D V12 from the Bloomington Stock Center (Indiana University, Bloomington, IN, USA); keklacZ (Schupbach and Roth, 1994) and UAS-EgfrCA 
Immunofluorescent analysis
Ovaries were dissected in EBR (130 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 10 mM Hepes pH 6.9) and fixed in buffer B (16.7 mM KH 2 PO 4 /K 2 HPO 4 , 75 mM KCl, 25 mM NaCl, 3.3 mM MgCl 2 , pH 6.8) plus 6% formaldehyde for 10 min at room temperature, washed, and stained as described previously (Asaoka and Lin, 2004) . The following primary antibodies were used: mouse anti-Hts 1B1 (1:20), mouse anti-Engrailed 4D9 (1:2) (Developmental Studies Hybridoma Bank at the University of Iowa), chick anti-Vasa (1:1000) (a gift from Satoru Kobayashi, NIBB, Okazaki, Japan), rat anti-Vasa (1:1000) (a gift from Akira Nakamura, RIKEN, Kobe, Japan), rabbit anti-GFP (1:500) (A11122, Invitrogen), rat anti-GFP (1:250) (D153-3, MBL), rabbit anti-dpERK (1:200) (#4370, Cell Signaling), rabbit anti-beta-galactosidase (1:5000) (#55976, Cappel), guinea pig anti-beta-galactosidase (1:500) (a gift from T. Isshiki, Keio University, Tokyo, Japan), rabbit anti-phospho Smad3 (1:1000) (#1880-1, EPITOMICS), rabbit anti-phospho Histone H3 (1:500) (#06-570, Millipore), guinea pig anti-Tj (1:5000) (a gift from D. Godt, University of Toronto, Toronto, Canada) and rat antiBam (1:500) (a gift from D. McKearin, HHMI, Chevy Chase, were analyzed. In each ovariole we counted the number of germ cells that contact the niche (TF/CCs). Only ovarioles in which all contacts were clearly detected were analyzed; ovarioles with no germ cells and those in which the number of nichecontacting germ cells could not be ambiguously determined (because of a partial overlap with neighboring ovariole in the preparation) were excluded from this analysis. P values were calculated using chi-square test ( * p < 0.006). The number of ovarioles examined in each genotype is indicated at the top of each bar. 
In situ hybridization
DIG-labeled probes were synthesized using DIG RNA labeling mix (#11277073910, Roche) from cDNA plasmids obtained from the BDGP collection or the DGRC: spitz (RH69567), keren (LD34429), gurken (LD32255), Star (AT04225), stet (RE60377) and dpp (RE20611). Labeled probes were cut into 300 bp fragments by alkaline hydrolysis. Double staining of ovaries by in situ hybridization and immunostaining with anti-Vasa antibody was performed as follows. Ovaries were dissected in EBR, fixed with 4% paraformaldehyde in PBS for 20 min, and washed 4 times (20 min each) in PBT (0.1% Triton X-100 in PBS). After washing, the ovaries were incubated in 1:1 mixture of PBT and Hybridization buffer (Hybridization buffer: 50% formamide, 5 · SSC, 0.1% Tween20, 50l/ml heparin, 100 lg/ml tRNA, 10 mM DTT) for 10 min and then incubated in Hybridization buffer for one hour at 55°C. Subsequently, hybridization was performed in Hybridization buffer containing 100 ng of the DIG-labeled RNA probes for overnight at 60°C. Samples were washed six times (30 min each) in washing buffer (50% formamide, 5 · SSC, 0.1% Tween20) and three times (15 min each) in TNT (0.1 M Tris-HCl pH7.5, 0.15 M NaCl, 0.05% Tween20), and blocked for 30 min in blocking buffer (1% blocking reagent, supplied by Boehringer Mannheim, in TNT). Next, samples were incubated with an HRP-conjugated sheep anti-DIG antibody (1:1000 dilution) (#1207733, Roche) and rat anti-Vasa antibody (1:500 dilution) in blocking buffer for overnight at 4°C, and washed three times (15 min each) in TNT. mRNA signals were enhanced by incubating ovaries in biotinyl tyramide [1:50 dilution, TSA biotin system (NEL700A) supplied by PerkinElmer] for 10 min. Ovaries were then washed two times (20 min each) in PBT' (0.02% BSA in PBT), blocked for 30 min in blocking buffer (5% NGS in PBT'), and incubated with streptavidin-Cy3 (1:2000) and FITC-conjugated secondary antibodies (1:400) (Jackson ImmunoResearch) in blocking buffer for three hours at room temperature. After washing three times (10 min each) in PBT, samples were mounted with Vectashield (H-1200, Vector laboratories). Images were taken using the Zeiss LSM5 Pascal confocal microscope with 63x oil Plan-Apochromat lens (Zeiss).
Temporal activation of UAS-linked genes
To induce the expression of UAS-linked genes specifically during LL3, the Gal4/Gal80 ts system (McGuire et al., 2003) was used. A combination of tj-Gal4 and tub-Gal80 ts (referred to as tj ts ) was used for IC-specific expression, and NGT40
and tub-Gal80 ts (referred to as NGT40 ts ) was used for germline-specific expression. Flies were transferred to a fresh vial to lay eggs for 3 hrs at 18°C and then removed. Vials were maintained at 18°C for 7.0-8.5 d (depending on genotypes, see figure legends), and then kept at 29°C for an additional day until LL3 [114 hr after egg laying (AEL)] or WP (120 h AEL). For GSC analyses at the adult stage, flies treated as above until WP were subsequently raised at 18°C till the 1-day old adult stage. See also Fig. 2A .
Quantification of PGC differentiation and the number of GSCs
For PGC analyses in the LL3 ovary, differentiation states of germ cells were classified as ''PGC'', ''CB'' or ''cyst (2-to 16-cell cysts)'' based on bam-GFP expression (Chen and McKearin, 2003a) and fusome morphology (Lin and Spradling, 1995) (Supplementary Fig. S7 ). Each cyst was counted as 1 germ cell. Dividing PGCs that were connected by an elongating fusome but did not express bam-GFP, were counted as two PGCs. P values were calculated using chi-square test.
For GSC analyses of WP and adult ovaries, flies carrying bam-GFP marker were stained with anti-Engrailed and antiVasa antibodies, to label cap cells and germ cells respectively. Ovarioles were first examined for the presence of Vasa-positive cells contacting cap cells, and those with no such cells were classified as ''empty niche'' at WP and ''empty germarium'' at adult stage, because such ovarioles contained no germ cells in the germarium at adult stage. The remainder were classified according to the number of GSCs, defined as Vasapositive, bam-GFP-negative cells contacting cap cells. In some ovarioles only bam-GFP-positive cells were found in the niche; these were scored as a separate class from the ''empty niche''. Ovarioles that were not oriented to allow accurate counting of GSCs were excluded from the classification. P values were calculated using chi-square test.
